Abstract In this study, geophysics, geochemistry, and geostatistical techniques were integrated to assess seawater intrusion in Kapas Island due to its geological complexity and multiple contamination sources. Five resistivity profiles were measured using an electric resistivity technique. The results reveal very low resistivity <1 Ωm, suggesting either marine clay deposit or seawater intrusion or both along the majority of the resistivity images. As a result, geochemistry was further employed to verify the resistivity evidence. The Chadha and Stiff diagrams classify the island groundwater into Ca-HCO 3 , Ca-Na-HCO 3 , Na-HCO 3 , and Na-Cl water types, with Ca-HCO 3 as the dominant. The Mg 
Introduction
Coastal aquifers, particularly small tropical islands, are complex and fragile in nature and can easily be distorted by poor management that can lead to the alteration of the equilibrium state between freshwater and saltwater, thereby affecting socioeconomic development and damaging the entire ecosystem. This is because coastal aquifers are usually in direct contact with the sea, creating a state of equilibrium between the freshwater and saltwater. Distortion of the equilibrium usually occurs through either an increase or a decrease in the flow of freshwater, leading to alteration of the freshwater/ saltwater equilibrium interface (Rey et al. 2013) . Overexploitation of groundwater is believed to be one of the major factors responsible for the increase in contaminant migration into the aquifer and is likely to aggravate saltwater intrusion into the coastal area (Kalimas and Gregorauskas 2002; Amores et al. 2013 ). The resulting effects may extend even after the cessation of pumping since it will take a long time for the aquifer to regain its original state of equilibrium. Such changes may also alter the clay matrix of the area leading to deterioration of the aquifer, a change which is prohibitively expensive to rectify (Rey et al. 2013) . Seawater intrusion in coastal areas will not only affect the social and economic systems but will also damage the entire ecosystem of the affected area (Amores et al. 2013) .
Most of these small tropical islands are characterized by high annual rainfall (>2,000 mm), yet they experience freshwater scarcity. This is attributable to the topographical nature of the islands which has resulted in limited recharge areas; most of the water is being lost to the sea, making surface water availability virtually impossible. Thus, these islands strongly rely on groundwater for a freshwater supply (Aris et al. 2007 ). Despite these water issues, the islands receive large numbers of tourists every year, adding more pressure to the already stressed groundwater resources. In Malaysia, the tourism sector is one of the most significant economical boosts with more than 25 million visitors (of which the majority visit islands) and generates revenue of more than US$ 20 billion from tourism in 2012 alone (Govenment 2013) .
The most important tasks with regard to the management of the coastal/island aquifers are detection, quantification, and monitoring of saline and freshwater interaction (Burnett et al. 2002) . Thus, setting a proper management plan for groundwater reserves is impossible without an understanding of the spatial distribution of fresh and saline groundwater as well as the processes that influenced their advancement (Glynn and Plummer 2005) . Protection of coastal aquifers requires not only a clear understanding of their dynamics but also detailed information on the changeability of their parameters (Carrera et al. 2010 ). Collecting such data requires a holistic approach so as to achieve a reliable result that can provide managers with all the information needed to develop a proper management plan. For this reason, researchers around the world have used different methods to assess seawater intrusion. For example, some researchers (Rey et al. 2013; Choudhury et al. 2001; Koukadaki et al. 2007 ) use geophysical techniques to delineate seawater intrusion while others (Aris et al. 2007; Banerjee et al. 2012; CAMP 2000; Gimenez-Forcada et al. 2010 ) use hydrochemical methods when assessing the seawater intrusion.
On the one hand, the hydrochemistry can serve as a chemical signature that provides scientists with information regarding physiochemical processes and reactions through which the water passes, from rainfall falling on soil, and then runoff and infiltration, passing through the vadose zone down to the aquifer (Plummer et al. 2002) . Current advances in geochemical techniques and approaches have increased researchers' ability to interpret the hydrochemical processes which groundwater systems undergo and have enhanced their understanding of the ways in which hydrological, mineralogical, and geological structures affect the flow pattern and geochemistry of groundwater (Glynn and Plummer 2005) . However, groundwater chemistry analysis in relation to hydrogeological and pollution research involves intrusive investigations, which are very expensive, labor-intensive, and time-consuming. Moreover, the results are not always reliable as the outcomes can reflect just a local situation, making them spatially inadequate, especially in a large area (Niwas and Lima 2003) .
On the other hand, resistivity surveys can be used to measure the electrical response of various earth materials near the ground surface, allowing researchers to map subsurface geological and hydrogeological structures. In this method, the electric current is injected into the ground via two electrodes, and then, the potential difference is measured between two other electrodes. The resulting difference will then be used to estimate the true resistivity of the subsurface by converting these values into apparent resistivity and subsequently inverting the measured data using RES2DINV software (Loke 2011a,b) . The resistivity of a given rock or soil sample is a function of many factors including porosity, level of saturation, and the concentration of dissolved salts as well as the clay content among others (Loke 2011a,b; Lagudu et al. 2013) . Hence, clay-based soil usually has a lower-resistivity value compared with sandy soil. Groundwater resistivity varies from 10 to 100 Ωm depending on the concentration of dissolved salts, while seawater generally has low resistivity (about 0.2 Ωm) owing to the strong electrolytes in chemicals, such as sodium chloride, which are present in high concentration levels in seawater. As such, when it comes to assessment of seawater intrusion or delineating freshwater-saltwater interface in coastal areas, resistivity techniques have an advantage compared with other methods (Loke 2011a,b) . For these reasons, geophysical techniques, especially resistivity measurements, have become a standard method in tackling environmental and hydrogeological problems (Loke 2011a,b) particularly in delineating seawater intrusion.
However, resistivity assessment is not always straightforward, especially in situations involving interpretation of resistivity data from an area with clay layers. This is in view of the fact that, just like seawater, marine clays also have low resistivity < 1 Ωm. Therefore, it is often difficult to delineate saline water zones within a clay-based formation, which may also contain freshwater. Should the two water types occur in an area with clay layers, this will surely increase the uncertainty and the complexity of the interpretation (Rao et al. 2011) . In view of this, some researchers (Cimino et al. 2008; Rao et al. 2011 ) combined the two techniques to assess seawater intrusion. Such an integration of electrical resistivity with geochemical techniques can be a more effective and consistent way of assessing the extent and magnitude of seawater intrusion as this approach will not only increase the reliability but also decrease the uncertainty of the resistivity data interpretation (Lagudu et al. 2013 ).
Studies on seawater intrusion require a multidisciplinary approach, because single approaches were generally unsuccessful in providing reliable results (Werner et al. 2013) . Therefore, this work will attempt to integrate geophysical, geochemical, and geostatistical techniques with the aim of assessing seawater intrusion in Kapas Island, which will eventually provide policy makers and environmental managers with the knowledge and clear understanding of the current situation so as to implement a sustainable management plan.
Study area
Kapas Island (Fig. 1a, b ) is characterized as a small island (White et al. 2007 ) with a landmass of approximately 2 km 2 , most of which is hilly with a maximum elevation of 100 m above sea level. The island is under the control of Terengganu state, Peninsular Malaysia, located at 5°13.140′N and 103°15.894′E in the northeastern part of Malaysia at a distance of about 3 km from the Marang coastal area. The climate of the island is tropical, receiving over 2,800 mm of rainfall annually, most of it during the monsoon season between November and February, with a temperature range between 28 and 31°C and humidity of about 80 %.
Geology
Kapas Island (Fig. 1a) is covered by sedimentary rock graded into low-grade metamorphic rock equivalent to metasediment and can generally be classified into two units based on age: conglomerate and interbedded layers of sandstone, siltstone, mudstone, and shale. Tuff can also be found in the southern part of the island. Conglomerate is exposed in a small portion in the southern part of the island, and it is generally bluish gray to brownish in color, and the sedimentary layers are not very conspicuous. The clastic parts of the conglomerate were formed from quartzite, sandstone, mudstone, and shale whereas the matrices are formed from sand and silt. The interbedded units are older than the conglomerate and are the dominant rock type on the island. These units consist of sandstone, siltstone, and mudstone, which vary in thickness; in some parts of the island, shale was also found within these units. Furthermore, the sequence of layering forms a tight fold with the axis running between north (N) and north-northwest (NNW), with most of the rock having strikes between N and NNW. Similarly, there are "altered basic dikes" which intrude into the sedimentary rock in the southern part of the island. Here, the exposed rock is aged between the Lower Carboniferous and the Permian (Hong 1979). Alluvial and marine sand are found in the beach area, especially on the western part of the island. The area landmass of this deposit in the southwestern part of the island is estimated to be 300,000 m 2 (Fig. 1b) . Recent and quaternary alluvia were formed from layers of fine to medium sand and clay, coral and shells (which are partially hard) (Abdullah 1981) .
Hydrogeology
The lithological information from geologic logs (Abdullah 1981) drilled in the semiconsolidated alluvia (Figs. 1b and  2) shows that there exists only one aquifer zone, and this aquifer can be classified as an unconfined aquifer formed from two layers consisting of coral and shell interspersed with sand varying in size from medium to coarse. In this aquifer, the direction of groundwater flow is westward, toward the sea (Fig. 2b) .
Loamy sands are mostly found in the top layer to a depth of 2 m and with a dark to brownish color; the layer at 2-4-m depth consists of semiconsolidated sand made up of coral and shell cemented with carbonate. This layer is also one of the layers which form the aquifer. The subsequent horizon consists of coral and shell with size varying from course to granule and pebble. Most of the coral and shells are smooth while some are perfect in form (most likely due to erosion by the pounding sea waves, and groundwater). Besides these layers, there are also sandy clay, clay-based sand, and clay. The clay layer is found at the bottom of the aquifer and may be related to the basement rock which forms the island. From the lithological profile, it can be seen that the northern part of the aquifer is mostly sandy compared with the other parts of the island. Therefore, it can be concluded that the aquifer is not formed from homogeneous material (Abdullah 1981) .
Materials and methods

Field survey for resistivity measurement
The electrical resistivity measurements were carried out in June 2012, using ABEM Terrameter SAS 1000/4000, which is a microprocessor-driven resistivity meter. Wenner array configuration was used due to the fact that it has the strongest signal strength and its ability to detect vertical changes and horizontal structures (Loke 2011a,b) . Moreover, it is good at detecting sand clay boundaries and provides a clear image of groundwater as well as saltwater intrusion (Baharuddin et al. 2013) .
A total number of five resistivity lines, each 200 m long, were measured by first laying two cables of 100 m each in a straight line; 41 stainless steel electrodes were then nailed to the ground along the line at 5-m intervals, and jumpers were used to connect the electrodes to the cables, which were then attached to the resistivity meter at the center of the line. Before measurements were taken, all the electrodes were doublechecked to ensure that they were in good contact with the ground (Juanah et al. 2012) . All the profile lines surveyed were almost parallel to one another and orientated east-west, perpendicular to the sea. Out of the five profile lines measured, three lines crossed the 11 sampling sites (Fig. 1b) . The acquired resistivity data were inverted using the RES2DINV software, and 2D resistivity images were produced (Loke 2011a,b) .
Finally, a color scale was applied to all the resistivity images based on Loke (2011,b) , which involves applying a constant color scale for all the profile lines despite the huge variability in the resistivity values measured across the island. This was to ensure that the values of resistivity from all the profile lines are associated with the colors such that electrical features and relationships among profiles could easily be identified (Rey et al. 2013) . In this case, the lower-resistivity values were assigned the darker blue color; that is to say, the darker the color, the lower the resistivity value, the more saline the water is, or the more likely for the feature to be seawater or/and clay.
Groundwater sampling and hydrochemical analysis
Before the sampling exercise, the polyethylene bottles used for sample collection were washed with 5 % nitric acid (HNO 3 ) and rinsed with distilled water. In this work, 11 sampling sites (nine boreholes and two open wells) were used for groundwater sampling. The samples were collected twice within the period of 2 months (August and September 2012). It is worth mentioning that the tropical islands, such as Kapas Island, received rainfall almost throughout the year; for that reason, the resistivity and the groundwater sampling surveys were scheduled to coincide with the season of the year which had experienced the least rain. This was designed to ensure that the effects of seawater intrusions in the area were being captured. Hence, the effect of seawater intrusion is expected to be higher at the time when an aquifer is undergoing over abstraction and at the same time the rainfall is low.
Importantly, all the sampling and laboratory procedures were carried out in accordance with the APHA (APHA 2005) standard guidelines. The sampling exercise always starts with measuring the level of groundwater (W/L) at each sampling site; then, the boreholes were emptied three times by pumping the water out of it or were continuously pumped for at least 10 min in the case of wells containing lots of water to ensure that the collected samples reflected the actual groundwater chemistry in the area. In situ parameters such as pH, dissolved oxygen (DO; mg/L), electrical conductivity (EC; mS/cm), and temperature (Temp;°C) were measured at the field. During each sampling survey, three replicate samples were collected from each of the 11 sampling sites, and these water samples were used for hydrochemical analysis in which major anions like chloride (Cl . As reported previously (APHA 2005; Kura et al. 2013) , the 0.45-μm filter paper (Whatman Milipore, Clifton, NJ, USA) was used to filter all the samples, and then, the samples were divided into two groups; one was used for anion analysis while the other was stored at 4°C and transported to the laboratory for cation (Ca 2+ , Mg 2+ , Na + , and K + ) analysis using an atomic absorption spectrophotometer (AAS) machine. This analysis was conducted after HNO 3 acid was added to reduce the pH level to <2 (Kura et al. 2013) .
Water type
Chadha's diagram
In order to determine the water types, Chadha's diagram was employed. This diagram is rather a modified version of the expanded Durov and Piper diagrams. The variation is that the diamond shape in the Piper diagrams has been replaced by a square shape and the two triangles in Piper and Durov diagrams were not included in the Chadha's diagram. The square shape in the Chadha's diagram is used as the key area for groundwater classification, where the percentage difference between (Ca+Mg) and (Na+K) milliequivalent (meq)/L is plotted on the x axis and the percentage difference between (HCO 3 +CO 3 ) and (Cl+SO 4 ) meq/L is plotted on the y axis. The interpretation of the water types is based on the locations into which a particular sampling site falls within the eight subdivisions; each subdivision symbolizes a particular water type as listed below:
(Ca+Mg) and (CO 3 +HCO 3 )>(Na+K) and (Cl+SO 4 ), respectively. This water type is characterized by a provisional hardness. The arrangement of data positions in the plot reflects the Ca-Mg-HCO 3 type, Ca-Mg-dominant HCO 3 type, or vice versa. 6. (Ca+Mg)>(Na+K) and (Cl+SO 4 )>(CO 3 +HCO 3 ). This water type is generally characterized by permanent hardness. The data points in the diagram are positioned to correspond to the Ca-Mg-Cl type, Ca-Mg-dominant Cl type, or the reverse. 7. (Na+K)>(Ca+Mg) and (Cl+SO 4 )>(CO 3 +HCO 3 ). Such a water type generally creates salinity problems. The data points in the diagram correspond to the Na-Cl type, NaSO 4 type, Na-dominant Cl type, or the opposite.
8. (Na+K)>(Ca+Mg) and (CO 3 +HCO 3 )>(Cl+SO 4 ). The locations of data points in the diagram stand for the Na-HCO 3 type, Na-dominant HCO 3 type, or vice versa (Ghosh and Sharma 2006; Chadha 1999) .
Stiff diagram
Stiff diagrams were also employed to categorize the various groundwater types in the island. These diagrams classify groundwater based on a polygon drawn from three horizontal axes with cations on the left side and anions on the right side of the diagram both in meq/L. The concentrations of anions and cations are bound to form a polygon known as Stiff diagram, in which the size of the polygon reflects the concentration of the dissolved solids. The diagram is designed in such a way that the larger the distance from the vertical axis (center), the higher the ion concentration. The units of the horizontal axis are the same for all Stiff diagrams to allow comparison between the different sampling sites. The number above each diagram is the calculated concentration of dissolved solids (Bartos and Ogle 2002) .
Geostatistical analysis
Geostatistics can be described as a set of statistical techniques that addresses the classification of spatial attributes mainly using random patterns in a way similar to how the analysis of time series data are classified (Olea 1999) . Moreover, geostatistics also has the capability to predict possible values of unknown sites through interpolating the values of the measured sites (ESRI 2003) . A variety of interpolation techniques exist under geostatistics such as inverse distance weighting (IDW), indicator kriging, and ordinary kriging among others. Of all these geostatistical methods, kriging and IDW were found to be the most prominently used for spatial analysis (Yasrebi et al. 2009 ). However, the kriging method is complicated particularly when it comes to choosing the most suitable semivariogram (Rina et al. 2012) . Additionally, the kriging method results can be misleading. This is because, just like other grid-based interpolation methods, kriging does not prioritized measured sites as such; the resulting contours may be positioned away from measured sites (Hu 1995). On the contrary, IDW is straightforward, simple, and fast in calculation and produces reliable results (Hu 1995; Rina et al. 2012) . Therefore, in this work, IDW was utilized.
Inverse distance weighting (IDW)
In the IDW method, a weight is related to the measured site. The magnitude of this weight is proportional to the distance between the measured site and the unmeasured site. These weights are controlled on the basis of power of 10. The effects of the sites that are significantly away from each other decrease with the increase of power of 10. Smaller power allocates the weights homogeneously between the surrounding sites. Thus, in this method, since the space between the sites matters, therefore, the sites of same distance share the same weights (Burrough and McDonnell 1998) . The weight factor can be expressed as (Eq. 1):
where λ i is the weight of site, D i signifies the distance between the measured site i and the unknown site, while−α stands for the power of 10 of weight (Zare-mehrjardi et al. 2010) . In general, the value of an unmeasured area is the average weighted value of the measured sites around the area, and the weight is inversely proportional to the distances between the measured and predicted areas (Lu and Wong 2008) . This method is more suitable for a small data set, as it would take more time to calculate a large data set (≫103 sites) (Hengl 2009 ). Therefore, in this work, the IDW method was employed for mapping and the spatial analysis of seawater intrusion based on ionic ratios and resistivity values. The ionic ratio data from each sampling site together with their GPS locations were imported into the geographical information system (GIS) environment, and the IDW method of geostatistical analysis was employed to create a geostatistical map for spatial analysis. The resistivity values of each sampling sites were extracted at pumping level from the resistivity images. The extracted values and their coordinates were used to create resistivity map in the GIS environment. The resulting geostatistical maps were then converted to raster maps for overlay.
Overlay
Overlay can be defined as the science and art of superimposing two or more maps (layers) of the same area but different attributes to create a new map that can be used for spatial analysis of that area (Cox 1995) . The overlay techniques play a major role in various GIS functions, as it provides the means for two or more layers of maps with different attributes to be merged into a single output layer (Malczewski 2004 ). This method is not new in groundwaterrelated studies. The same technique was used in many indexbased models, such as DRASTIC, SINTACS, GOD, and EPIK models, whereby a series of parameters such as recharge, impact of vadose zone, and soil media among others were mapped and overlaid together to determine the vulnerability of groundwater to contaminations from anthropogenic pollution (Shirazi et al. 2012) . Almost similar technique is applied in this research with some modifications; in this work, ionic ratios and resistivity maps are the only parameters used.
Second, a weighted sum technique was employed to overlay the maps whereby all the maps were assigned an equal weight. This is to ensure that no layer is prioritized over the rest as this would create a biased result. The idea is that, since all these ratios and resistivity can be used as seawater or salinity indicators, combining them together will provide evidence as to which area has the highest tendency of seawater intrusion.
First, all the ionic ratio and resistivity maps were assigned the same coordinate system and projection to guarantee spatial registration (Cox 1995) . Prior to the overlaying process, each ionic ratio map was reclassified into two classes (area affected by seawater and nonseawater-affected areas) based on individual ionic ratio values for seawater intrusion. For example, in terms of the SO 4 /Cl ratio, only the areas with values between 0.05 and 0.1 were considered as seawater-affected areas (Lee and Song 2007) while any value outside that was considered to be a nonaffected area. The same was applied to each ratio map depending on the seawater values of that particular ratio. In contrast, in the case of the resistivity map, areas with values between 0.1 and 5 Ωm were considered as seawater-affected areas and then 5-10 Ωm transition zone (Kouzana et al. 2010) ; then, all areas with resistivity values above 10 Ωm were categorized as areas not affected by seawater.
The maps were then overlaid and integrated within the GIS environment. In line with the cumulative values, the overlaid map was further reclassified, and the resulting classes were ranked in a scale of 1-5 to create the final map, such that, the higher the value (5=highest), the more polluted the area is with seawater, while the lower the value (1=lowest), the less polluted the groundwater of that area is with regard to seawater pollution. This type of classification with little variation was also employed by Walke et al. (2012) to determine the soil suitability evaluation for cotton production.
Results and discussion
Resistivity profiles
The resistivity images (Fig. 3) agree with the lithological information (Fig. 2a) acquired from the old boreholes (Abdullah 1981) . The first profile line L1 (Figs. 1b and 3 ) was measured at Kapas Island resort perpendicular to the sea (east-west). It can be observed that the depth of penetration of this resistivity line is 32 m, although the bedrock was not reached at this part of the island. This image strongly agrees with the lithological information of the area (Fig. 2a) ; most of the sampling sites (K1-K7) used in this work for hydrochemical assessment are along this profile line. This is in line with the fact that this part of the island is the most visited, with the highest pumping rate and has the highest number of chalets. The upper layers have the highest-resistivity values which vary from 300 to 1,000 Ωm. These layers represent dry sand followed by fine and coarse sand with lots of coral in the vadose zone, then a sand and coral layer saturated with freshwater with a resistivity range of 50-100 Ωm. The resistivity image has evidently demonstrated that this part of the island's aquifer is generally dominated by freshwater, accounting for almost 75 % of the profile. The aquifer layer starts from 7 vertically down to 32 m and exhibits resistivity values ranging from 10 to 50 Ωm. Given that freshwater generally has a resistivity of 50-100 Ωm (White 1985) , the low resistivity in this line can be attributed to the mixture of sand, coral, shell, and clay in the area shown in "Hydrogeology." A unique feature of spherical shape can be seen at about 7-17-m depth toward the center of the image with a resistivity of 50-100 Ωm. This is believed to be a pocket of sand saturated with freshwater. The lowest resistivity approximately 5 Ωm in this profile appears in a small area at the center; this may be a small marine clay deposit (Rao et al. 2011) , which is mixed with coral and sand, although the geologic logs show no record of such layer in this part of the island (Fig. 2a) . Thus, the low resistivity could have resulted from trapped saline water caused by upconing (Werner et al. 2013 ) currently undergoing dilution (Ingham et al. 2006; Baharuddin et al. 2013 ). This conclusion was further verified by hydrochemistry results ("Descriptive statistics" and "Groundwater classification"), particularly those from the K5 and K7 sampling sites, which show some characteristics of saline water. The K7 sampling site is situated 40 m north of the K5 site.
Profile L2 was measured parallel to L1 at a distance of about 50 m; the image shows similar characteristics to line L1 including the pocket of sand saturated with freshwater nearly at same location, suggesting that the pocket of sand has extended into this area in a relatively straight line. The main difference between this resistivity line and the first is the appearance of a saline water zone near the center on the image from 10 to 25-m depth with the resistivity value of 0.1-5 Ωm. This saline zone is enclosed by less saline water with 5 Ωm value, indicating transition zone between freshwater and seawater or dilution of salt by freshwater (Baharuddin et al. 2013) .
Profiles L3 and L4 were measured parallel to L2 at a distance of 50 m from one another. The two lines appear to have similarities in terms of geological layers and resistivity values. The upper layers are representing dry sand, then vadose zone with varying values of resistivity (200-750 Ωm), followed by a layer with a mixture of sand, coral, and shell saturated with freshwater showing resistivity values of 50-100 Ωm. Both profiles show a resistivity value of 10 Ωm at 6.7-m depth indicating clayey sand mixed with large amount of coral saturated with freshwater. Beneath this layer lies a larger layer with a resistivity value of <5 Ωm. This low value indicates that the area is undergoing freshwater-saltwater interaction. The lowest-resistivity zone 0.1-5 Ωm which was found at the center of both images extended east to west, showing the degree of seawater intrusion into the area (Cimino et al. 2008; Baharuddin et al. 2013) . It is noticeable that the thickness of the saline water zone continues to increase in magnitude in a north to south direction, meaning that the first profile L1 is the least affected by saltwater intrusion compared with profiles L2-L4. Sampling sites CMW, C2, and C3 are sited along profile L4; in support of the above evidence, sites CMW and C3 show some evidence of seawater intrusion based upon their chemical analysis (as discussed in "Groundwater classification").
Contrary to all other profiles (L1-L4), profile L5 shows unique features of saltwater intrusion from top to bottom with a predominant resistivity of 0.1-5 Ωm. The high salinity can be explained by the fact that this particular area happens to be the lowest part of the studied area, situated beside a dry river that passes through the area and which only runs to the sea during monsoon season. As a result, when large waves from the sea wash into the island, this area, and particularly the dry river, retains some of the seawater which can then find its way into the island, saturating the area from the top. It is worth mentioning that the sampling site CP, whose groundwater chemistry shows the highest values of Na + , Cl − , and TDS (1,710.0, 2,120.0, and 4,461.5 mg/L, respectively) ( Table 1 in "Descriptive statistics"), is in this part of the island. Moreover, this sampling site is one of the oldest wells and has been in continuous use for more than a decade (Kura et al. 2013) . As a result, overexploitation could be the main cause of the seawater intrusion, while inflow of seawater through the dry river may aggravate the situation.
Descriptive statistics A summary of the basic statistics for the physical and chemical parameters of the island's groundwater for the months of August and September in 2012 is presented in Table 1 . The pH values for all the samples are slightly raised toward alkaline, ranging from 7.1 to a maximum of 7.7 with a mean of 7.4. The standard deviation for the pH was found to be very small (0.2), suggesting that all the samples were taken from the same aquifer (Laluraj and Gopinath 2006) . The TDS ranged from 205 to >4,000 (mg/L), with a mean of >700 (mg/L). This wide variation can be attributed to seawater intrusion which is likely to affect some parts of the island. Apart from TDS, other parameters such as Na 
Groundwater classification
Chadha's diagram
The Chadha's diagram (Fig. 4) shows that most of the sampling sites (K1-K7, C2, and C3) were classified as Ca-HCO 3 water type. This water type is represented by class five that suggests (Ca+Mg) and (CO 3 +HCO 3 )>(Na+K) and (Cl+ SO 4 ), respectively (Ghosh and Sharma 2006) . The second category of water type in this part of the island represented by CP sampling site is Na-Cl, NaSO 4 type, reflecting (Na+ K)>(Ca+Mg) and (Cl+SO 4 )>(CO 3 +HCO 3 ), implying that CP site is under the influence of seawater intrusion (Aris et al. 2009 ). This agrees with the earlier interpretation from resistivity image (Fig. 3, line 5 ). The last sampling site (CMW) was classified as mixed water, because it falls between classes seven and eight. This water type is characterized by (Na+K)>(Ca+Mg) (Kumar 2013; Ranjan et al. 2013 ). The dominance of Na and K over Ca and Mg is believed to be influenced by ion exchange (Rina et al. 2013a,b) . This interpretation is in agreement with that of the resistivity image (Fig. 3, line 4) .
Stiff plots
The Stiff plots (Fig. 5) reveal that the dominant water type in the area is Ca-HCO 3 whereby 7 of the 11 sampling sites (Fig. 5 ) fall under this Ca-HCO 3 water type, which represent recharge (Thilagavathi et al. 2012) . While the K5 and CMW sampling sites were found to be Ca-Na-HCO 3 and Na-HCO 3 water types, respectively, reflecting a mixture of saltwater and freshwater or perhaps ion exchange, a processes which usually arise when seawater intrudes into the aquifer, thereby replacing Ca with Na; the reverse of these processes is called reversed ion exchange, which takes place when freshwater flushes out the seawater from the aquifer (Rina et al. 2013a,b) . The C3 sampling site was characterized as Mg-Na-HCO 3 -Cl water type, indicating carbonate and silicate weathering are simultaneously taking place (Giridharan et al. 2009; Reddy et al. 2012 ) and/or a freshwater-seawater interaction as Na and Cl are the dominant ions in seawater while HCO 3 and Mg are dominant ions in freshwater (Vengosh et al. 1999) .
The interaction between freshwater-seawater types can be justified by the low concentration of Ca in the water because it was replaced by Na during intrusion of seawater (Aris et al. 2012) . Based on the Stiff plot classifications of water types, the last sampling site CP was found to be Na-Cl water type indicating seawater intrusion. Just like the Piper diagram, Stiff plots also classify the groundwater's hydrochemistry, based on the variations in its major ions which are responsible for the TDS in the water. Thus, the shape and size of Stiff diagram are proportional to its TDS (Eby 2004) . Generally, the results of the Stiff diagram were found to be more in agreement with that of geophysical assessment compared with Chadha's diagram.
Bivariate scatter plots
The bivariate scatter plots (Fig. 6a-e) show that the composition of the groundwater hydrochemistry of the island is subject to seawater intrusion. Na + , Cl − , and SO 4 2− are known to be the dominant ions in seawater; as a result, these ions are often used as indicators of saltwater intrusion. The result shows that these ions are strongly correlated with one another and with TDS; therefore, these ions are responsible for TDS, and they are also likely to come from the same source (Jeevanandam et al. 2007 ).
Ionic ratio
In groundwater research, scientists used different types of ionic ratios to determine the processes influencing groundwater chemistry, such as seawater intrusion and water rock interaction. For example, among the ionic ratios used to verify the effects of seawater intrusion in an aquifer are Mg 2+ /Ca 2 + Mg 2+ and HCO 3 /anions ratios (Hounslow 1995 /Ca 2 +Mg 2+ <0.5 and/or HCO 3 /anions >0.8, then it implies that dolomite or carbonate weathering is responsible for the salinity in the aquifer (Fig. 7a  and b) . Based on these classifications, it was found that CP and C3 were affected by seawater intrusion according to Mg 2+ /Ca 2 +Mg 2+ ratio and all other sampling sites were experiencing weathering. Whereas, in the HCO 3 /anion ratio, the results suggests that all the sampling sites with the exception of C2 and K5 are somewhat under the influence of seawater intrusion, C2 and K5 sites are controlled by carbonate or silicate weathering (Hounslow 1995) .
Another useful indicator of seawater intrusion is Cl − / HCO 3 − whereby if the ratio >6.6, then it shows that the water is highly affected by seawater intrusion. However, if the value falls between 6.6 and 0.5, this means that the water is slightly affected by seawater intrusion; anything below 0.5 implies that the water is not affected by seawater intrusion (Mtoni et al. 2013) . Thus, the Cl − /HCO 3 − results (Fig. 7c) categorized K5, K7, C2, and C3 sites as freshwater, while K1, K2, K3, K4, K6, and CMW sites were classified as slightly affected by seawater, and CP was found to be highly affected by seawater (Jeevanandam et al. 2007; Mondal et al. 2010; Mtoni et al. 2013) . Seawater is generally dominated by Na and Cl (Kura et al. 2013) , and as such, scientists used the Na/Cl ratio between 0.85 and 1 as an indicator that the area in question is being affected by seawater intrusion (Lagudu et al. 2013; Vengosh et al. 1999) . In this study, the Na/Cl ratio ranges between 0.07 and 6.39 (Fig. 7d) whereby most of the sampling sites (K1, K2, K3, K4, K6, and C2) fall slightly below the seawater ratio 0.86. Thus, this low ratio of Na/Cl in groundwater along coastal area could be a reflection of preexisting salts, believed Environ Sci Pollut Res (2014) 21:7047-7064 to be deposited from carbonate precipitations at an early stage of salinization (Aris et al. 2012) , or an indication of freshwater being contaminated by saline water to some extent (Lee and Song 2007) . Additionally, this low ratio is attributable to reverse ion exchange (Hounslow 1995) , a process that usually takes place when freshwater flushes out the seawater from an aquifer. The results suggested that the C3 and CP sampling sites are affected by the seawater intrusion (Vengosh et al. 1999; Lagudu et al. 2013) . But CMW Na + /Cl − ratio was found to be much higher than seawater ratio >1, implying excess Na in the groundwater which is attributable to silicate weathering (Jalali 2010; Reddy et al. 2012) or domestic waste particularly sewage pollution (Moujabber et al. 2006) . However, the fact that this sampling site is not close to any septic tank suggests that it is more logical to relate this higher ratio of Na/Cl to silicate weathering or ion exchange, which is a process that occurs when seawater intrudes into an aquifer. Because Cl is a conservative ion, it is usually not affected by the ion exchange process, while Ca is being replaced by Na, which eventually results in what is known as mixed or evolution of water from Ca-HCO 3 to Na-HCO 3 type (Aris et al. 2012) . The SO 4 2− /Cl − ratio (Fig. 7e) was also employed to determine seawater intrusion in the area; hence, if the ratio is >0.05, then it is considered to be affected by seawater intrusion (Lagudu et al. 2013 ). This seawater ratio could reach up to 0.1 (Lee and Song 2007; Aris et al. 2012) . Based on this suggestions, K3, K4, and C2 were found to have ratios less than the seawater ratios, indicating that these sites are somewhat affected by seawater (Lee and Song 2007) perhaps from deep saline upconing (Rina et al. 2013a,b) . Whereas the K2, K5, and C3 sampling sites fall within the seawater range (0.05-0.1) indicating seawater intrusion, other sampling sites (K1, K6, K7, CMW, and CP) were characterized with SO 4 2− / Cl − higher than the seawater ratio, indicating that these sites are under the influence of anthropogenic pollution most likely from septic tanks (Lee and Song 2007) . However, CMW and CP were also found to have no septic tank nearby; as such, the high ratio of SO 4 2− /Cl − in these sampling sites is likely to be from degradation of organic materials from topsoil/water, or from oxidation/dissolution of SO 4 2− , reflecting sulphideand sulphate-rich marine clay and silt deposits (Rina et al. 2012) .
It is worth noting that, the fact that some sampling sites like CMW and CP were found to have Na/Cl and SO 4 2− /Cl − higher than the seawater ratio does not necessarily mean that such areas are only affected by anthropogenic pollution with no seawater influence. Rather, it could be an overlap between groundwater contamination processes, which usually occurs when two or more pollutants from a variety of sources simultaneously take place in an aquifer. An example of this phenomenon was recorded in Mediterranean coastal aquifers where seawater intrusion coincides with other contaminants, such as industrial pollutions, domestic waste, and evaporite deposits (Forcada and Evangelista 2008) . Therefore, the results of all the ionic ratios were integrated alongside the 
Geostatistical mapping
The spatial distribution maps of Mg 2+ /Ca 2 +Mg 2+ and HCO 3 / anion ratios (Fig. 8a, b, respectively) show high concentrations of these ratios in the southern part of the island, indicating that the area is undergoing seawater intrusion. While in the northern part, the maps have shown either less or no sign of seawater intrusion. These results agree with the resistivity images (Fig. 3, L1 , L4, and L5) and groundwater classification by the Stiff diagram (Fig. 5) . Similarly, Cl − /HCO 3 and Na + / Cl − molar ratio maps show that the southern parts of the study area have higher concentrations of the above mentioned ratios compared with the northern part, which further justify the earlier results, although the high Na + /Cl − ratio which was found to be higher than the seawater ratio (0.86-1) could be attributable to silicate weathering (Jalali 2010) or perhaps ion exchange resulting from aquifer response to seawater intrusion (Aris et al. 2012) . In what looks like a different pattern, the SO 4 2− /Cl − map (Fig. 8e) indicated that the northern part of the study area is dominated by SO 4 2− /Cl − contamination. This can be explained by the fact that this particular part of the island receives more guests than any other area and it has the highest number of toilets and septic tanks. Therefore, the high concentration of SO 4 2− /Cl − ratio is likely to be from linkages from the sewage systems in the area (Lee and Song 2007) . While in the southern part where the concentration of SO 4 2− /Cl − was found to be higher than the seawater ratio (0.05-0.1) (Aris et al. 2012) , it could be an indication that apart from seawater intrusion, the area may also be experiencing contamination from biodegradable materials from topsoil/water originated , reflecting sulphide-and sulphate-rich marine clay and silt deposits (Rina et al. 2012) .
The resistivity map (Fig. 8f ) generated from Fig. 3 L1-L5 also shows that the southern part of the study area is more affected by seawater intrusion compared with the northern part. A depression can be noticed in the southern part at the center of what can be described as seawater intrusion; this is believed to be the area where the C2 sampling site is situated. This particular sampling site, even though it is within what appears to be a seawater-affected area, yet shows no sign of effects from seawater intrusion in almost all the ratio and resistivity maps. This is because C2 borehole is very shallow; hence, the pipe did not reach the seawater-affected layers.
All the above ratio and resistivity maps were overlaid together (Fig. 8g) to produce the final map of the seawateraffected area (Fig. 8h) . This final map has clearly targeted and delineated the area that is mostly contaminated by seawater intrusions, which would have otherwise be inconclusive or give a misleading result had it been one indicator or a single technique was used to delineate seawater intrusion. Therefore, the proposed technique has further justified the statement by Werner et al. (2013) that seawater intrusion studies require a multidisciplinary approach to ensure a reliable result.
Conclusion
Electrical resistivity measurements were successfully applied, and five profile lines of 200-m length and 32-m depth each were acquired. The resistivity images suggest that most parts of the island, especially along lines L4 and L5, situated at the southern part of the island, contain very low resistivity of less than 1 Ωm. These low-resistivity measurements are attributed to marine clay deposits and seawater intrusion.
The groundwater types in the study area were found to be Ca-HCO 3 , Ca-Na-HCO 3 and Na-HCO 3 , and Na-Cl water types, with Ca-HCO 3 as the dominant. The ionic ratio analyses further suggest that the sites CP, CMW, and C3 are influenced by seawater intrusion. These results clarify the issues of low resistivity found in most of the profile lines, particularly L4 and L5, which contain the CMW and C3 sampling sites. The CP sampling site was found to have the highest Na + , Cl − , SO 4 2− , and TDS, and the area is believed to be experiencing seawater contamination from above where a dry riverbed gives access of seawater into the island at the same time as overexploitation aggravates the intrusion from the bottom since the well has been in a continuous use for more than a decade.
These results were then used to create an individual map of each ratio or indicator in the GIS environment. The resulting maps were further classified based on individual ionic ratio range for seawater indication to create a final geostatistical map that is able to distinguish areas that are truly affected by seawater intrusion in the island. This research finding will assist environmental managers and policy makers to understand the current situation and the areas that require immediate attention. Thus, based on the finding of this work, it is recommended that there is an urgent need for mitigation and remediation measures such as, imposing restrictions on pumping in the most affected areas, and introducing a temporary barrier such as sandbagging along the dry waterway during drier seasons so as to prevent the seawater from entering the island. Moreover, it will be good if the managers create an artificial recharge or/and storage areas, which would boost the aquifer capacity to flush out the seawater.
This methodology of integrating geophysics, geochemistry, and geostatistics was prepared and successfully executed in the Kapas Island, in the south eastern part of Malaysia, with the aim of delineating seawater intrusion in the island aquifer. The final resulting map of the overlaid ratios and resistivity reveals that the southwestern part of the island is currently undergoing seawater intrusion, which is likely to have resulted from over abstraction of groundwater and wave effects which drive seawater into the island through the dry river. The proposed technique is universal and therefore can be employed in any area with similar completed characteristics or under the influence of multiple contaminants so as to distinguish the area that is truly affected by any targeted pollutants from the rest. Thus, future studies related to the proposed technique should focus on its applicability on different management practices to determine the most suitable strategy so as to ensure the sustainability of groundwater and the entire ecosystem. It is worthwhile for future research in this area to also include the use of modeling systems such as MODFLOW to determine the effects of different pumping scenarios on the aquifer with respect to seawater intrusion. This will help the managers to know the carrying capacity of the aquifer so as to establish the maximum threshold level and the number of tourist to visit the island at a time for sustainability.
